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We investigate the possibility of probing the hot and dense nuclear matter - created in relativistic
heavy-ion collisions (HIC) - with strange vector mesons (K∗, K¯∗). Our analysis is based on the
non-equilibrium Parton-Hadron-String Dynamics (PHSD) transport approach which incorporates
partonic and hadronic degrees-of-freedom and describes the full dynamics of HIC on a microscopic
level – starting from the primary nucleon-nucleon collisions to the formation of the strongly inter-
acting Quark-Gluon-Plasma (QGP), followed by dynamical hadronization of (anti-)quarks as well
as final hadronic elastic and inelastic interactions. This allows to study the K∗ and K¯∗ meson for-
mation from the QGP as well as the in-medium effects related to the modification of their spectral
properties during the propagation through the dense and hot hadronic environment in the expan-
sion phase. We employ relativistic Breit-Wigner spectral functions for the K∗, K¯∗ mesons with
self-energies obtained from a self-consistent coupled-channel G-matrix approach to study the role
of in-medium effects on the K∗ and K¯∗ meson dynamics in heavy-ion collisions from FAIR/NICA
to LHC energies. According to our analysis most of the final K∗/K¯∗’s, that can be observed ex-
perimentally by reconstruction of the invariant mass of pi +K(K¯) pairs, are produced during the
late hadronic phase and originate dominantly from the K(K¯) + pi → K∗(K¯∗) formation channel.
The amount of K∗/K¯∗’s originating from the QGP channel is comparatively small even at LHC
energies and those K∗/K¯∗’s can hardly be reconstructed experimentally due to the rescattering
of final pions and (anti-)kaons. This mirrors the results from our previous study on the strange
vector-meson production in heavy-ion collisions at RHIC energies. We demonstrate that K∗/K¯∗
in-medium effects should be visible at FAIR/NICA and BES RHIC energies, where the production
of K∗/K¯∗’s occurs at larger net-baryon densities. Finally, we present the experimental procedures
to extract the information on the resonance masses and widths by fitting the final mass spectra at
LHC energies.
PACS numbers:
I. INTRODUCTION
The properties of hot and dense matter under ex-
treme conditions, the origin of the phase transition from
hadronic to partonic matter and the formation of the
Quark-gluon Plasma (QGP) are the subjects of extensive
theoretical and experimental studies in the last decades.
Such conditions - realized in nature during the Big Bang
at the beginning of our universe - can be achieved nowa-
days in the laboratory in the collisions of heavy ions.
There are presently several experimental facilities like
the Schwerionensynchrotron (SIS) at the Gesellschaft fu¨r
Schwerionenforschung (GSI), the Relativistic Heavy Ion
Collider (RHIC) at the Brookhaven National Laboratory
(BNL), the Super-Proton Synchrotron (SPS) and the
Large Hadron Collider (LHC) at the Conseil Europe´en
pour la Recherche Nucle´aire (CERN) which cover the
range in invariant energy
√
sNN from a few GeV at SIS
to ∼ 5 TeV at LHC. Moreover, two further accelerators
∗Electronic address: ilner@fias.uni-frankfurt.de
are under construction – the Facility for Antiproton and
Ion Research (FAIR) as well as the Nuclotron-based Ion
Collider fAcility (NICA) – which will become operational
in the next years.
Due to confinement the QGP can not be observed di-
rectly in experiments, which measure the final hadrons
and leptons, and thus one needs reliable observables
which carry information about the initial stages when
the QGP has been created. Electromagnetic probes have
the advantage that they practically do not suffer from
final state interactions with the matter, however, they
are very rare and it is hard to detect them experimen-
tally with high statistics. On the other hand hadrons are
very abundant and rather easy to detect, however, they
participate in strong hadronic interactions after their cre-
ation which distort the information about their origin to
some extent.
In view of many hadronic probes the strange hadrons
are of special interest since strangeness is not initially
present in the colliding nuclei, but created during their
collisions. Thus one hopes that it is easier to keep track
of their production mechanism. In particular the strange
vector-meson resonances K∗ and K¯∗ have been proposed
as possibly sensitive probes [1, 2]. The K∗/K¯∗’s are ex-
2pected to be produced at the partonic freeze-out [3] at
relativistic energies and thus carry information about fi-
nal QGP as well as the hadronic phase due to the final-
state interactions.
Apart from detailed studies that have been performed
by the STAR collaboration at RHIC [4–6], the K∗/K¯∗
production has also been studied by the ALICE experi-
ment at the LHC [7–16, 16–25]. The measurement of the
strange vector mesons K∗/K¯∗ is quite challenging; the
reconstruction goes via the decay channel K∗(K¯∗) →
π + K(K¯) by measuring the invariant mass of final pi-
ons and (anti-)kaons pairs. However,K∗/K¯∗’s are rather
short-lived resonances and, even if they are produced at
the hadronization of the QGP, they decay in the hadronic
medium during the expansion of the system. The decay
products - pions and (anti-)kaons - suffer from hadronic
final-state interactions - rescattering and absorption -
which leads to a distortion of the K∗/K¯∗’s spectra; fur-
thermore, a sizeable fraction of the decayed K∗/K¯∗’s
can not be reconstructed at all. This is especially vis-
ible at LHC energies due to the large multiplicity of the
final hadronic states. Additionally, due to the high me-
son density the K∗/K¯∗’s can be often produced in the
hadronic medium by formation of (anti-)kaons and pions
π +K(K¯) → K∗(K¯∗). Moreover, this mechanism turns
out to be dominant as compared to the other production
mechanisms of the K∗/K¯∗ and the hadronisation from
the QGP in particular.
Thus, in order to understand K∗/K¯∗ production and
to provide a robust interpretation of the experimental
results, one needs to address theoretical models. The
most suitable models for that are transport approaches
since only they can cover the whole complexity of the
K∗/K¯∗ dynamics from a microscopic point of view. We
recall that such studies have been performed early with
UrQMD [26, 27] and EPOS3 [28] in Pb+Pb collisions
at center-of-mass energies of
√
sNN = 17.3 GeV and√
sNN = 2.76 TeV, respectively.
Recently, we have studied the K∗/K¯∗ production
within the PHSD transport approach for relativistic ener-
gies of
√
sNN = 200 GeV in Au+Au collisions at RHIC
conditions [29]. There we have investigated the differ-
ent mechanisms for the K∗/K¯∗ production and have
shown that most of the K∗/K¯∗ measured experimentally
at RHIC energies originate from π +K(K¯) annihilation
and overshine the direct production from the QGP which
makes it quite difficult to use the K∗/K¯∗ as a probe of
the late partonic phase. Additionally, rescattering and
absorption of final pions and (anti-)kaons from K∗/K¯∗
decay significantly distort the final spectra. Moreover, in
Ref. [29] we have studied for the first time the influence
of in-medium effects on the K∗/K¯∗ dynamics and final
observables in the hadronic phase which are related to
the modification of the K∗/K¯∗ spectral properties dur-
ing the propagation through the dense and hot hadronic
medium. Such in-medium effects have been predicted by
chiral models and G-matrix approaches and successfully
been used for the description of the kaonK and anti-kaon
K¯ production [31–36]. In Ref. [29] we have implemented
in the PHSD the in-medium effects of K∗/K¯∗ resonances
based on a G-matrix approach [37] as a function of the
nuclear density [30]. We found that the influence of in-
medium effects on the finalK∗/K¯∗ spectra is rather mod-
est since most of K∗/K¯∗’s are produced in the hadronic
phase by π + K(K¯) annihilation when the net-baryon
density and the temperature have become low due to the
rapid expansion of the system at
√
sNN = 200 GeV.
The aim of this study is to investigate the dynamics
of the K∗/K¯∗ vector mesons in a wide energy range -
from FAIR to LHC energies. We address the following
questions in our study:
i) Is the fraction of the K∗/K¯∗’s produced from the
QGP hadronization visible in the final observables? In-
deed, due to the larger volume of the QGP at the LHC
(compared to the RHIC energies), the total production
of K∗/K¯∗’s from the QGP is enhanced. However, the
meson multiplicity at LHC is also much larger than at
RHIC, thus the π+K(K¯) annihilation mechanism would
be also enhanced. Accordingly, the task is to give a quan-
titative answer to this issue.
ii) What is the role of the final-state interaction on the
K∗/K¯∗ decay products, i.e. pions and (anti-)kaons at
the LHC?
iii) What is the quantitative effect of in-medium modifi-
cations of the K∗/K¯∗ properties on the final observables
in HIC?
iv) Which conditions, i.e. colliding energies, are best
suited to study the K∗/K¯∗ in-medium effects? In order
to answer the last question we will go down in energy
and study the K∗/K¯∗ production also at the energies of
the future FAIR/NICA and BES program at RHIC.
V) How one can subtract the information on the medium
effects from the observables using experimental methods?
For that we will consider PHSD events in the same fash-
ion as experimental data and apply the experimental ex-
traction and fitting procedures.
Throughout this paper the following convention will
be used: strange vector mesons consisting of an anti-
strange quark, i.e. K∗+ = (us¯) and K∗0 = (ds¯), will be
referred to as K∗ = (K∗+,K∗0), while for mesons with
a strange quark, i.e. K∗− = (u¯s) and K¯∗0 = (d¯s), the
convention K¯∗ = (K∗−, K¯∗0) will be used. Often we
will use a notation K∗/K¯∗ for K∗ and K¯∗. Also in the
text we often express masses in the units of GeV or MeV
assuming GeV/c2 or MeV/c2.
The structure of this study is as follows: In Section
II we will give a short recall of the PHSD transport
approach. In Section III the K∗/K¯∗ vector-meson res-
onance in-medium properties will be shortly discussed,
i.e. spectral functions calculated from a state-of-the-art
G-matrix model as well as the implementation of these
spectral functions into PHSD. In Section IV the proper-
ties and the dynamics of the K∗/K¯∗ vector-meson reso-
nance are investigated within PHSD for Pb+Pb collisions
at LHC energies. Furthermore, the different production
channels, the actual baryon densities and the in-medium
3effects of the K∗/K¯∗ spectral functions are analysed in
detail. In Section V our results are presented and com-
pared to the experimental data; in the first part we com-
pare our results with data from p+p collisions at LHC;
the second part contains a detailed comparison of PHSD
results with data from Pb+Pb collisions at LHC ener-
gies from the ALICE collaboration. In Section VI we
use PHSD to obtain results for lower bombarding en-
ergies 4.5, 6, 8, 10.7 and 15 AGeV to give predictions
for the K∗/K¯∗ in-medium dynamics at the future FAIR
and NICA. In Section VII we discuss the experimental
procedure to extract in-medium mass and width of a res-
onance. Finally, we summarise our findings in Sec. VIII.
II. THE PHSD TRANSPORT APPROACH
Our study is based on the Parton-Hadron-String Dy-
namics (PHSD) approach, which is a microscopic covari-
ant dynamical approach for strongly interacting systems
in and out-of equilibrium [39, 40]. The PHSD incorpo-
rates both partonic and hadronic degrees-of-freedom as
well as the transition from the hadronic to the partonic
phase, the QGP phase in terms of strongly interacting
quasiparticles with further dynamical hadronization and
final hadronic interactions in the late stage; thus, PHSD
covers the full time evolution of a relativistic heavy-ion
collision on a microscopic level. The dynamical descrip-
tion of the strongly interacting system is realized by solv-
ing the generalised off-shell Cassing’s transport equations
which are obtained from the Kadanoff-Baym equations
[41–43] in first-order gradient expansion and go beyond
the mean-field and on-shell Boltzmann approximation for
the collision terms.
The theoretical description of the partonic degrees-of-
freedom (quarks and gluons) is realized in line with the
Dynamical-Quasi-Particle Model (DQPM) [43, 48] and
describes the properties of QCD in terms of resummed
single-particle Green’s functions. The three parameters
of the DQPM are fitted to reproduce lQCD results in
thermodynamical equilibrium [49, 50] such as energy den-
sity, pressure and entropy density; the real and imagi-
nary parts of the parton self-energies are used to define
the widths and pole positions of the spectral functions
of quarks and gluons taken in relativistic Breit-Wigner
form. The DQPM provides the properties of the par-
tons, i.e. masses and widths in their spectral functions
as well as the mean fields for gluons/quarks and their ef-
fective 2-body interactions that are implemented in the
PHSD. For details about the DQPM model and the off-
shell transport approach we refer the reader to the re-
views in Refs. [37, 52]. We mention, that in equilibrium
the PHSD reproduces the partonic transport coefficients
such as shear and bulk viscosities or the electric con-
ductivity from lattice QCD (lQCD) calculations as well
[37, 44].
The hadronic part is governed by the Hadron-String-
Dynamics (HSD) part of the transport approach [45, 46];
the hadronic degrees-of-freedom include the baryon octet
and decouplet, the 0− and 1− meson nonets as well
as higher resonances. In the beginning of relativistic
heavy-ion collisions color-neutral strings (described by
the LUND model [51]) are produced in highly energetic
scatterings of nucleons from the impinging nuclei, i.e. two
strings can form through primary NN collisions. These
strings are dissolved into ’pre-hadrons’, i.e. unformed
hadrons with a formation time of τF ∼ 0.8 fm/c in the
rest frame of the corresponding string, except for the
’leading hadrons’. Those are the fastest residues of the
string ends, which can re-interact (practically instantly)
with hadrons with a reduced cross sections in line with
quark counting rules. If the energy density is below the
critical value for the phase transition, which is taken to
be EC = 0.5 GeV/fm−3 (e.g. in p+p reactions or in
the hadronic corona), ’pre-hadrons’ become real hadrons
after the formation time tF = τF γ (γ is the Lorentz
gamma factor of the pre-hadron) in the calculational
frame (center-of-mass system of A+A) and interact with
hadronic cross sections. If the local energy density is
larger than the critical value for the phase transition EC ,
the pre-hadrons melt into (colored) effective quarks and
antiquarks in their self-generated repulsive mean-field as
defined by the DQPM [52]. In the DQPM the quarks,
antiquarks and gluons are dressed quasi-particles and
have temperature-dependent effective masses and widths
which have been fitted to lattice thermal quantities such
as energy density, pressure and entropy density.
For the time evolution of the QGP phase off-shell
transport equations with self-energies and cross-sections
from the DQPM are used. With the expansion of the fire-
ball the probability that the partons hadronize increases
strongly close to the phase boundary. The hadronisa-
tion is carried out on the basis of covariant transition
rates. The resulting hadronic system is then governed by
the off-shell HSD dynamics with optionally incorporated
self-energies for the hadronic degrees-of-freedom [53].
To summarise: the full evolution of a relativistic heavy-
ion collision, from the initial hard NN collisions out-of
equilibrium up to the hadronisation and final interac-
tions of the resulting hadronic particles is fully realised
in the PHSD approach. We recall that PHSD has been
successfully employed for p+p, p+A and A+A reactions
ranging from SIS to LHC energies (cf. Ref. [37] and
references therein). Furthermore, in Ref. [29] we have
extended the PHSD approach to the explicit K∗/K¯∗ res-
onance dynamics by implementing the in-medium effects
in terms of density and temperature dependent spectral
functions at the hadronization, production and propaga-
tion of K∗, K¯∗’s.
III. REMINDER OF K∗, K¯∗ IN-MEDIUM
EFFECTS AND IMPLEMENTATION IN PHSD
In this Section we briefly recall our approach used for
the implementation of in-medium effects in the PHSD
4for the off-shell dynamics of the strange vector-meson
resonances K∗ and K¯∗ [29, 30].
The in-medium properties strange mesons in dense
and hot nuclear matter are determined by the meson
self-energies calculated based on chirally motivated ef-
fective field models implemented using the G-matrix
approach. The G-matrix approach is a unitary self-
consistent coupled-channel approach which, in this case,
involves also vector mesons [59–61] within the Hidden
Local Symmetry approach [55–58]. We use G-matrix
approach from Ref. [54] to calculate the self-energy of
the K¯∗. The in-medium spectral functions for K∗ and
K¯∗ then are approximated by relativistic Breit-Wigner
spectral functions [30] with density or temperature de-
pendent effective masses and widths related to the real
and imaginary parts of the G-matrix self-energies. These
Breit-Wigner spectral functions are used in the PHSD for
the off-shell production and propagation of the strange
vector-meson resonances K∗ and K¯∗ in heavy-ion colli-
sions [29].
We remind here that in Ref. [30] the K∗ meson self-
energy at threshold energy has been obtained within an
effective Lagrangian [60]. The collisional part of the self-
energy of the K∗ stems from summing the forward K∗N
scattering amplitude over the allowed nucleon states in
the medium, schematically ΠcollK∗ =
∑
~p n(~p )TK∗N . Due
to the absence of resonant states nearby, a tρ approx-
imation is well justified at energies sufficiently close to
threshold
ΠcollK∗ ≃ α
MK
MK∗
M2K∗
(
ρ
ρ0
)
, (1)
with α ≃ 0.13.
The K¯∗ collisional self-energy part was implemented
by using a parametrisation of the K¯∗ self-energy and
spectral function from Ref. [54], where a detailed analysis
of the medium corrections and self-consistent evaluation
of the in-medium K¯∗N scattering has been carried out.
For a realistic description of the production rates the
decay width of the K∗ and K¯∗ needs to be accounted in-
cluding the in-medium modifications of the decay prod-
ucts, too. Such effects are readily incorporated for the
K¯∗ within the G-matrix approach which we parametrize
from Ref. [54]. For theK∗, instead, we evaluate explicitly
its medium-modified K∗ → Kπ decay width as follows
[30],
ΓV, dec(M,ρ) = (2)
= Γ0V
(
MV
M
)2 ∫M−mpi
0
q3(M,Mj ,Mπ)Aj(Mj , ρ) dMj∫MV −mpi
Mmin
q3(MV ,Mj,Mπ)Aj(Mj , 0) dMj
.
The indices are j = K and V = K∗. Furthermore
q(M,Mj ,Mπ) =
√
λ(M,Mj ,Mπ)/2M with λ(x, y, z) =[
x2 − (y + z)2] [x2 − (y − z)2]. Γ0V is the partial vec-
tor meson decay width and MV is the pole mass of
the resonance in vacuum. We use Γ0K∗ = 42 MeV and
MV = 892 MeV [62] (and the same for K¯
∗), Mπ is the
pion mass. Eq. (2) accounts for the in-medium modifi-
cation of the resonance decay width by its decay prod-
ucts. In particular, we consider the fact that kaons (and
anti-kaons) may acquire a broad spectral function in the
medium, Aj(M,ρ). As discussed in Ref. [30], the kaon
spectral function AK in Eq. (2) is a delta function in
vacuum since the kaon is stable in vacuum with respect
to the strong interaction, and to a good approximation
the same can be kept at finite nuclear density by us-
ing an effective kaon mass M∗ 2K (ρ) = M
2
K +ΠK(ρ) with
ΠK(ρ) ≃ 0.13M2K(ρ/ρ0) [36, 63, 64].
Pions are assumed to stay as narrow quasiparticles
with vacuum properties in the evaluation of ΓV,dec
throughout this work. However, we mention that the in-
medium modification of the pion spectral function in hot
and dense hadronic matter is an unsettled question (cf.
[69]): while from the experimental side there is no clear
evidence for the pion broadening in heavy-ion collisions,
there are many different models with quite contradictory
results - such in Ref. [74] a very large width of pions at
zero momentum (up to 200 MeV at T = 150 MeV) was
predicted due to there interaction in a hot meson gas
while according to Refs.[70, 71] the pions are expected
to experience small changes up to temperatures T ∼ 100
MeV in hot matter with low baryonic content, which sup-
ports our approximation of on-shell pions. This topic re-
quires further theoretical (as well as experimental) inves-
tigation which is beyond the scope of our present study.
The spectral function is proportional to the imaginary
part of the vector-meson in-medium propagator and has
the following form:
SV (ω, ~q; ρ) = − 1
π
ImDV (ω, ~q; ρ) (3)
= − 1
π
ImΠV (ω, ~q; ρ)
[ω2 − ~q 2 −M2V − ReΠV (ω, ~q; ρ)]2 + [ImΠV (ω, ~q; ρ)]2
,
where V = K∗, K¯∗ and ΠV is the sum of the decay and
collisional self-energy.
In spite that the G-matrix spectral function (3) con-
tains the full information on the in-medium properties
of strange vector mesons, for the practical purpose of
implementation of in-medium effects in the microscopic
transport approach PHSD (K∗ and K¯∗ production and
off-shell propagation) we approximate the G-matrix spec-
tral function (3) by the relativistic Breit-Wigner spectral
function (AV (M,ρ), V = K
∗, K¯∗) within the assump-
tion of small momentum ~q → 0 – see [30, 65]:
AV (M,ρ) = C1
2
π
M2Γ∗V (M,ρ)(
M2 −M∗V 2(ρ)
)2
+ (MΓ∗V (M,ρ))
2
,
(4)
whereM is the invariant mass and C1 is a constant fixed
by normalization:∫ ∞
0
AV (M,ρ) dM = 1. (5)
5Note, that the dimension of A(M) is GeV−1 since M is
included in (5).
As mentioned above the Breit-Wigner spectral func-
tion (4) follows from the spectral function from the G-
Matrix approach (3) when setting the three-momentum
of the vector meson to zero,
AV (M,ρ) = 2 · C1 ·M · SV (M,~0, ρ), (6)
i.e. neglecting the explicit momentum-dependence. How-
ever, the self-energy is evaluated in such a way that it is
at rest in the nuclear medium which is consistent with
the aforementioned approximation. The in-medium mass
M∗V and the width Γ
∗
V of the spectral function are related
to the real and imaginary part of the self-energy in the
following way,
(M∗V )
2 =M2V +ReΠV (M
∗
V , ρ) ,
Γ∗V (M,ρ) = −
1
2M
· ImΠV (M,ρ) , (7)
where MV is the pole mass of the resonance in vacuum.
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FIG. 1: The relativistic Breit-Wigner spectral functions
A(M,ρ) of the K∗ and the K¯∗ versus the invariant mass M
for different nuclear baryon densities and in vacuum. The
red solid line shows the vacuum K∗/K¯∗ spectral functions,
the green dashed line stands for the spectral function at
baryon density of ρ/ρ0 = 0.5, the blue dash-dotted line –
at ρ/ρ0 = 1.0, the wine-coloured dash-dot-dotted line – at
ρ/ρ0 = 0.5, the light blue short-dotted line – at ρ/ρ0 = 1.0.
Fig. 1 shows the spectral function for both the K∗s
and K¯∗s in vacuum and at finite nuclear density. While
the vacuum spectral function has a width of 42 MeV and
is centred around its respective pole mass of 892 MeV,
a shift to higher and lower invariant masses can be seen
for K∗ and K¯∗ at non-zero nuclear density. The K∗
experiences a slight shift to higher invariant masses, the
width is anti-proportional to the nuclear density since
the kaon also gets heavier. The threshold energy for K∗
creation follows Mth = MK + Mπ + ∆M(ρ) ≈ 0.633
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FIG. 2: The cross-section σ for K∗ production/annihilation
is shown as a function of the invariant mass M for different
baryon densities and in vacuum. The red solid line shows
the vacuum K∗/K¯∗ cross sections. The green dashed line
shows the cross sections of K∗/K¯∗ for a baryon density of
ρ/ρ0 = 0.5, the blue dash-dotted line – at ρ/ρ0 = 1.0, the
wine-coloured dash-dot-dotted line – at ρ/ρ0 = 0.5, the light
blue short-dotted line – at ρ/ρ0 = 1.0.
GeV + ∆M(ρ), with ∆M(ρ) ≃ ΠK(ρ)/2MK , which is
approximately 0.06MK at normal matter density.
The K¯∗ on the other hand experiences a strong attrac-
tion and the spectral function is therefore shifted to lower
invariant masses. The width gets considerably broader
with increasing nuclear density. The threshold energy
for the creation of a K¯∗ decreases to Mth ∼ 2Mπ, i.e. an
off-shell K¯∗ can be created also at low invariant masses.
These in-medium effects have also an effect on the pro-
duction rates of theK∗ and the K¯∗ in the hadronic phase
of a heavy-ion collision. For the production cross section
of K∗ and K¯∗ via K + π or K¯ + π annihilation we use
the Breit-Wigner cross section [72–75] in relativistic form
which can be written with the help of the in-medium
spectral function (4) as
σK∗(K¯∗)(M,ρ) =
6π2 AK∗(K¯∗)(M,ρ) Γ
∗
K∗(K¯∗)
(M,ρ)
q(M,MK ,Mπ)
2 .
(8)
Fig. 2 shows the production cross-section of K∗/K¯∗
vector mesons at different baryon densities. The struc-
ture is similar to Fig. 1 depicting the spectral functions,
i.e. the vacuum cross section is at the center, while the
cross-sections shifted to higher invariant masses corre-
sponds to the K∗ and the cross-section shifted to lower
invariant masses corresponds to the K¯∗. The K¯∗ cross-
section follows the same trend as the spectral function,
i.e. the cross-section becomes smaller with increasing
nuclear baryon density. However, for the K∗ a reversed
effect emerges as compared to the spectral function, i.e.
6the cross-section of the K∗ slightly decreases with in-
creasing nuclear density due to a reduction of the phase
space when the mass increases.
We note, that in the present study we have omit-
ted ’thermal’ in-medium effects related to a coupling to
the hot mesonic medium since according to our previous
study [30] such effects are small. This topic requires fur-
ther detailed investigation since the meson density at the
LHC energies is very high.
IV. K∗/K¯∗ DYNAMICS IN PHSD
In this section we present our results on the on- and off-
shell dynamics of the K∗/K¯∗ within the PHSD transport
approach at center-of-mass energies of
√
sNN = 2.76 TeV
in central Pb+Pb collisions. We investigate the evolution
of the K∗/K¯∗ abundance in time as well as the main con-
tributing production channels. Furthermore, we compare
the baryon density during the creation of the K∗/K¯∗’s
at different energies. For a better understanding of the
effects of experimental cuts we refer to our last study in
Ref. [29].
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FIG. 3: The number N(t) of formed strange vector mesons
versus the time t for different production channels at mid-
rapidity y in a central Pb+Pb collision at a center-of-mass
energy of
√
sNN = 2.76 TeV from PHSD calculations. The
upper left panel (a) shows the channel decomposition for the
K∗+, the upper right panel (b) – for the K∗−, the lower left
panel (c) – for the K∗0 and the lower right panel (d) – for the
K¯∗0. The color coding is the same for all of the four panels:
the sum over all the production channels at given time t is
shown as a black solid line. The dash-dotted green line shows
the K∗/K¯∗’s produced from baryon-baryon strings, the dash-
dot-dotted blue line – from meson-baryon strings, the dashed
line – from K(K¯) + pi annihilations and the short-dotted red
line – from the hadronization of the QGP.
We start with the time evolution of the K∗/K¯∗ abun-
dances. As seen from Fig. 3 the total number of formed
K∗/K¯∗’s from all isospin channel is roughly the same, i.e.
there is an approximately equal number ofK∗’s and K¯∗’s
present at every time during the collision and expan-
sion. The production by strings dominates at the very
early stages of the collisions and very slowly decreases,
although its relative contribution to the total number
of K∗’s becomes negligibly small after about 10 fm/c.
We note, that the mesons coming from string decay are
mainly dissolved to the QGP partons, they also can be
’leading’ mesons if they come from the ends of breaking
string or stay as under the formation time in corona of the
collisions where the energy density is not high enough to
form the QGP. Since in Fig. 3 only the formed mesons are
shown, pre-hadrons and headings are not accounted here.
The contribution of the QGP is not very large either, es-
pecially when compared to the main production channel,
i.e. the K(K¯) + π annihilation. The contribution of the
QGP starts a few fm/c later in the collision, however,
its overall effect does not exceed the contribution from
strings. Almost at the same time, when the QGP starts
to contribute to the total number of particles, K∗/K¯∗’s
also start to emerge from K(K¯) + π annihilations. How-
ever, this channel rises quickly and stays the dominant
channel throughout the collision. Thus, we found that
even at the LHC energy, in spite of the large volume of
the created QGP, most of the K∗’s are produced by the
resonant final-state interactions of π +K(K¯), similar to
the RHIC energies [29].
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FIG. 4: The normalized net-baryon density distribution
dN/d (ρ/ρ0) /Ntot at the production point of K
∗ + K¯∗’s for
different collision energies at midrapidity (|y| < 0.5) as ob-
tained from the PHSD calculations. The short-dashed green
line shows the result for Au+Au at 200 GeV, short-dot-dashed
orange line – at 15 GeV, dashed red line – at 10 GeV, solid
blue line – at 4.675 GeV.
In view of the fact that K∗’s are produced dominantly
in the final hadronic phase, the questions arise: i) Which
baryon density is probed with K∗’s? ii) Can one ob-
serve an in-medium modification of the K∗ properties
in the hadronic environment and iii) which energies are
more suited for a robust observation? In order to an-
swer these questions we show in Fig. 4 the normalized
net-baryon density distribution dN/d (ρ/ρ0) /Ntot at the
7K∗+K¯∗’s production point for central Au+Au collisions
at midrapidity (|y| < 0.5) for different collision energies
of
√
sNN=4.675 GeV, 10 GeV, 15 GeV and 200 GeV
. As follows from Fig. 4, at high collision energies the
K∗/K¯∗’s are produced at rather low net-baryon density
since the dominant production proceeds via π + K an-
nihilation (cf. Fig. 3) when the system is dominated
by mesons with only a low amount of baryons and an-
tibaryons. However, when decreasing the energy the frac-
tion of K∗/K¯∗’s created at larger density increases, such
that for
√
sNN = 4.675 GeV one can probe baryon den-
sities even above normal nuclear matter density. Cor-
respondingly, the in-medium effects are expected to be
more pronounced at low energies (e.g. at FAIR and NICA
or low BES RHIC).
V. RESULTS FROM PHSD AT LHC ENERGIES
In this section we will present the results for K∗/K¯∗
production in heavy-ion collisions and pp reactions from
the PHSD transport approach. We compare these results
to experimental data measured by the ALICE collabora-
tion at the LHC [7–25]. Since the net-baryon density at
mid-rapidity is very small at the LHC energies, we dis-
card here a consideration of the in-medium effects and
present the results for the ’free’ case here. We recall that
in our in-medium scenario the modification of theK∗/K¯∗
properties occurs due to the coupling to the baryonic
medium while the coupling to anti-baryons is discarded.
However, at the LHC energies the anti-baryon density
at midrapidity is close to the baryon density, thus the
expected in-medium modification of K∗ and K¯∗ proper-
ties would be small since the coupling to the anti-baryons
lead to the opposite effect compared to the coupling to
the baryons for the vector interaction. A consistent con-
sideration of the coupling to anti-baryons requires a fur-
ther extension of the in-medium model which is a subject
of future studies.
A. ’Decay’ spectra versus ’reconstructed’ spectra
Some remarks on the K∗/K¯∗ reconstruction procedure
– experimental as well as theoretical – have to be made
first:
i) The ALICE Collaboration measures the K∗0/K¯∗ vec-
tor mesons through the hadronic decay channel: K∗0 →
π± + K∓. The daughter particles of the K∗ can be
tracked in the time projection chamber (TPC) which has
a finite acceptance, i.e. the resolution and accuracy of
the detector also needs to be taken into account. The
main problem here is related to the fact that the decay
products – pions and kaons – suffer from final-state in-
teractions (FSI) during the expansion phase: they can
rescatter or may be absorbed. This leads to a substan-
tial distortion of the reconstructed spectra which makes
the physical interpretation of experimental results rather
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FIG. 5: The ’reconstructed’ K∗ = K∗+ +K∗0 mass distribu-
tion dN/dM via K+pi for Pb+Pb collision at impact param-
eter b = 2 fm without cut in rapidity y at a center-of-mass en-
ergy
√
sNN = 2.76 TeV from the PHSD calculation: the green
dotted line shows the reconstructed K + pi mass distribution
for the case without rescattering of pions and kaons while
the red dashed line stands for the case when pions and/or
kaons rescatter elastically in the medium; the black solid line
shows the sum of both contributions. The blue dot-dashed
line stands for the ’decayed’ K∗ spectra.
difficult. In our previous study [29] we have analysed the
influence of the FSI effects at RHIC energies, which were
found to be significant. It is expected also to play an
important role at the LHC energy.
ii) The other problem with the experimental reconstruc-
tion of K∗/K¯∗’s is related to the background subtrac-
tion. The K∗/K¯∗ signal is obtained by taking all the
viable decay channels into account and combining all pi-
ons and (anti-)kaons from a single event. This will lead
to the ’real’ K∗/K¯∗ signal on a top of a very large back-
ground (uncorrelated spectrum) which is subtracted by
a combinatorical method. The signal and the shape of
the final K∗/K¯∗ distribution is sensitive to the selected
region around the K∗/K¯∗ peak position in the mass dis-
tribution. However, as discussed above, due to the FSI
the signal is distorted, thus a large fraction of K∗/K¯∗’s
cannot be reconstructed. Also experimental procedure
to fit the signal and extract the information on K∗’s is
model dependent as will be discussed in Section VII.
Contrary to experiment, in theoretical calculations we
can follow (within the microscopic transport models) all
K∗/K¯∗’s in their history of production and decay. In Ref.
[29] we have compared the PHSD spectra of K∗/K¯∗’s
at the decay point, i.e. ’true’ K∗/K¯∗’s, with the re-
constructed K∗/K¯∗’s from the π +K(K¯) decay channel
as in experiment. Following the same strategy, in our
present theoretical study we will call the K∗/K¯∗’s spec-
tra obtained directly at the decay point as a ’decayed’
spectra. When K∗/K¯∗ decay to pions and (anti-)kaons,
we trace the collision history of the decay products: if
pions and/or (anti-)kaons scatter elastically, and finally
both escape the fireball, we account them in the ’recon-
8structed’ K∗/K¯∗ spectra by summing their 4-momenta.
On the contrary, the pions and/or (anti-)kaons which ap-
proach inelastic (or quasielastic charge exchange) reac-
tions are lost for the reconstruction – for our theoreti-
cal model and for the real experimental reconstruction –
since they did not escape the fireball and thus, did not
reach the detector. We note, however, that in our ’re-
constructed’ case - contrary to experiment - we do not
have a ’loss’ of the signal due to misidentification, back-
ground subtraction or experimental acceptances. Thus,
we use here our analysis to illustrate the distortion of the
spectra due to the final-state interaction in the hadronic
phase.
In Fig. 5 we show the ’reconstruction’ procedure for
the K∗ mass distribution dN/dM for Pb+Pb collision at
impact parameter b = 2fm at a center-of-mass energy√
sNN = 2.76 TeV. For this illustrative plot we show
the spectra without cut in rapidity (all y) in order to
accommodate better statistics, however, we note that the
cut in rapidity reduces the spectra by about a factor of 9.
The green dotted line in Fig. 5 shows the reconstructed
K+π mass distribution for the case without rescattering
of pions and kaons while the red dashed line stands for the
case when pions and/or kaons rescatter elastically in the
medium. One can see that the shape of ’not rescattered’
K + π mass spectrum are close to the shape of ’true’,
i.e. decayed K∗ spectra (blue dot-dashed line). On the
other hand the shape of the decayed K∗ spectra follows
the shape of the K∗ spectral function weighted with the
occupation probability, (a Boltzmann factor) which tilts
the spectra a bit to lower masses and suppresses the high
tail of the spectral function.
The ’rescattered’ K + π contribution is rather flat and
shifted to the lower mass region. This part of the spec-
trum can not be identified experimentally in the K¯∗ ob-
servables since it contributes to the subtracted combi-
natorial background which is fitted to the low and high
mass region of the measured K¯ + π mass distribution.
Thus, experimentally the ’signal’ is selected under the
peak of the K +π mass distribution while the rest is not
included in measured observables. In order to be close to
the experimental situation we selected the mass region
M = [0.8, 1.0] GeV when comparing to the experimental
data. In this mass range the contribution of the ’rescat-
tered’ K + π is less then 7% to the total reconstructed
spectra. On the other hand only about 40% of the de-
cayed K∗’s with the masses 0.8-1.0 GeV end up in the
’reconstructed’ spectra at the same mass region. Later
we will show examples of ’reconstructed’ mass distribu-
tions keeping all ’true’ K + π pairs from the decay of
K∗/K¯∗ resonances.
In Fig. 6 we present the differential mass distribution
dN/dM for the vector kaons K∗+ +K∗0 (a, upper part)
and for vector anti-kaons K¯∗− + K¯∗0 (b, lower part) for
central Pb+Pb collisions at
√
sNN = 2.76 TeV at midra-
pidity (|y| < 0.5) from the PHSD calculations. Here we
show the ’true’ K∗/K¯∗ spectra, i.e. obtained directly at
their decay point (solid black lines) and the reconstructed
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FIG. 6: The differential mass distribution dN
dM
for the vector
kaons K∗+ + K∗0 (a, upper part) and for vector anti-kaons
K¯∗− + K¯∗0 (b, lower part) for central Pb+Pb collisions at
a center-of-mass energy of
√
sNN = 2.76 TeV at midrapidity
(|y| < 0.5) from the PHSD calculations. The solid orange
lines with circles show K∗’s and K¯∗’s reconstructed from final
kaon and pion pairs while all of the other lines represent the
different production channels at the decay point of the K∗
and K¯∗, i.e. the black lines show the total number of theK∗’s
and K¯∗’s at their decay points, while the light blue dashed
lines show the decayed K∗’s and K¯∗’s that stem from the
pi+K annihilation and the short-dotted red lines indicate the
decayed K∗’s and K¯∗’s which have been produced during the
hadronisation of the QGP.
spectra from the final pions and kaons (solid orange lines
with circles). Similar to Fig. 5 one can see a strong mod-
ification of the mass spectra: a shift to lower invariant
masses and a reduction of the yield at the vacuum peak
position. As said above, this modification arises from the
rescattering and absorption of the final pions and kaons.
Moreover, in Fig. 6 we show that at the LHC energy
the main source of K∗/K¯∗ mesons is the π +K annihi-
lation which is substantially larger than the fraction of
K∗/K¯∗ produced in the hadronization of the QGP. We
note that the relative fraction of the K∗/K¯∗ from the
annihilation at LHC is even larger than at RHIC since
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FIG. 7: The differential K∗/K¯∗ mass spectrum dN/dM for central Pb+Pb collision at midrapidity (|y| < 0.5) at a center-
of-mass energy
√
sNN = 2.76 TeV from the PHSD calculation for different pT bins. The upper panels (a) and (b) show the
spectrum for the reconstructed K∗/K¯∗s while the lower panels (c) and (d) show the spectrum for the decayed K∗/K¯∗s. The
panels (a) and (c) show results for the K∗ mesons while the panels (b) and (d) show results for the K¯∗ mesons. All panels show
the differential mass spectrum taken from the K∗’s and K¯∗’s in specific transverse momentum ranges of pT = [0.0, 0.5] GeV
(solid black line), pT = [0.5, 1.0] GeV (dashed red line), pT = [1.0, 1.5] GeV (short-dashed green line), pT = [1.5, 2.0] GeV
(short-dotted blue line), pT = [2.0, 2.5] GeV (solid light blue line), pT = [2.5, 3.0] GeV (dashed olive line), pT = [3.0, 3.5] GeV
(short-dashed orange line), pT = [3.5, 4.0] GeV (short-dotted grey line).
the total abundance of mesons is much larger at the LHC
energy.
Furthermore, in Fig. 7 we show the differentialK∗/K¯∗
mass spectrum dN/dM for central Pb+Pb collisions at
midrapidity (|y| < 0.5) and √sNN = 2.76 TeV from the
PHSD calculation for different pT bins. The upper pan-
els (a) and (b) show the spectrum for the reconstructed
K∗/K¯∗s while the lower panels (c) and (d) show the spec-
trum for the decayed K∗/K¯∗s. One can see that the
shape of the ’decayed’ K∗/K¯∗’s mass spectra are rather
similar for the different pT bins while the ’reconstructed’
spectra changes differently in different pT bins: the dis-
tortion of the spectra is strongest for low pT . That is due
to the fact that the low pT pions and kaons suffer from
stronger and more frequent rescattering and absorption.
The influence of the experimental reconstruction pro-
cedure and experimental cuts - due to the detector ac-
ceptance - on the pT spectra is shown in Fig. 8. Here
the PHSD results for the transverse momentum spectrum
d2N/ (dydpT ) of (K
∗0+ K¯∗0)/2 for a central Pb+Pb col-
lision at midrapidity |y| < 0.5 at √sNN = 2.76 GeV
are shown in comparison to the experimental data from
the ALICE Collaboration [16]: the solid green line with
squares shows the spectrum calculated from K∗/K¯∗’s
at the decay point while the dashed red line with stars
shows the reconstructed spectrum from final (matching)
kaons and pions. Similar to our finding (at RHIC ener-
gies) in Ref. [29] we see a strong reduction of the low
10
pT spectra which is due to the ’loss’ of signal stemming
from the rescattering/absorbtionmechanisms and the ex-
perimental cuts applied; in particular the restriction on
the invariant mass range for the K∗/K¯∗ reconstruction
contributes to this distortion. Finally the reconstructed
spectrum is much harder than the ’true’ (’decayed) one.
Furthermore, we find that at the LHC energy - similar to
the RHIC energies - the influence of the FSI on the final
K∗/K¯∗ spectra is getting smaller with decreasing system
size and becomes negligible for p+ p collisions where the
reconstructed and decayed spectra are almost identical.
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FIG. 8: The transverse momentum spectrum d2N/ (dydpT ) of
(K∗0 + K¯∗0)/2 for a central Pb+Pb collision at midrapidity
|y| < 0.5 and √sNN = 2.76 GeV. The solid black circles show
data from the ALICE collaboration [16], while the lines with
symbols show the results from the PHSD: the solid green line
with squares shows the spectrum calculated from K∗’s at the
decay point while the dashed red line with stars shows the re-
constructed spectrum from final (matching) (anti-)kaons and
pions.
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FIG. 9: The transverse momentum spectrum 1
Ninel
d2N
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of
(K∗0 + K¯∗0)/2 mesons for p+p collisions at mid-rapidity
|y| < 0.5 at the LHC energy of √sNN = 7 TeV. The line
stands for the PHSD results while the black symbols show
the experimental data from the ALICE Collaboration [7].
In Fig. 9 we show the comparison of the PHSD results
(red solid line with stars) for the transverse momentum
spectrum 1Ninel
d2N
dydpT
of the neutral (K∗0+K¯∗0)/2 mesons
for p+p collisions at mid-rapidity |y| < 0.5 at LHC en-
ergies of
√
sNN = 7 TeV versus the ALICE data (black
symbols) from Ref. [7]. The K∗ momenta have been ob-
tained by reconstruction from the final π+K mesons. As
mentioned above, the final hadronic interaction in p+p
collisions is very small, thus the reconstructed and de-
cay spectra for p+p collisions are practically identical.
As seen from Fig. 9, the elementary spectra are rather
well reproduced by PHSD which provides a solid basis
for the interpretation of the heavy-ion results, too. We
recall that p+p collisions in the PHSD are based on the
PYTHIA even generator [47].
B. Comparison of the PHSD results with
experimental data
We now step on to a comparison of PHSD results for
strange vector mesons from heavy-ion collisions with ex-
perimental observables at the LHC energy. To compare
with the experimental data, we have used the experimen-
tal reconstruction method for the theoretical spectra by
matching the 4-momentum of the final pions and (anti-
)kaons stemming from the sameK∗/K¯∗ decay vertex. As
has been shown above, this implies that the final ’recon-
structed’ spectra differ from the ’true’ or ’decay’ K∗/K¯∗
spectra due to the final-state interaction in the hadronic
phase. In Fig. 10 we compare PHSD results for the
transverse momentum spectra d
2N
dydpT
of (K∗0+K¯∗0)/2 for
Pb+Pb collisions at midrapidity (|y| < 0.5) with the AL-
ICE data at a center-of-mass energy of
√
sNN = 2.76 TeV
for different centralities: [0-20]%, [20,40]%, [40,60]% and
[60,80]%. As seen from Fig. 10 the PHSD calculations
reasonably reproduce the ALICE data for all centralities
at lower transverse momenta up to about pT ≈ 3 GeV/c,
however, underestimate the high pT part of the experi-
mental spectra. This discrepancy for peripheral Pb+Pb
collisions at large pT ≥ 4 GeV – in spite of a good agree-
ment for pp collisions – can be understood as follows: in
pp collisions K∗’s are produced directly from the string
decays while in (semi-)peripheral collisions ([60-80%])
most K∗’s at midrapidity come from K + π annihila-
tion; thus the final K∗ spectra are sensitive to the ’bulk
dynamics’ at larger pT and less to the initial momen-
tum distribution from strings. We note, that in midra-
pidity (semi-)peripheral collisions at LHC energies the
energy density is very large and far above the critical
energy density for the phase transition. Thus, in the
overlapping region (i.e mid-rapidity) of colliding nuclei,
a QGP is formed. In the PHSD approach the properties
of quarks and gluons are defined by the DQPM model,
which is fitted to the lQCD data in equilibrium, and de-
pend only on temperature T . The same holds for the
partonic interaction cross sections. The quark momen-
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FIG. 10: The transverse momentum spectra d
2N
dydpT
of (K∗0 +
K¯∗0)/2 as a function of the transverse momentum pT for
Pb+Pb collisions at midrapidity (|y| < 0.5) and √sNN =
2.76 TeV for different centralities, ranging from very central
to peripheral collisions. The lines correspond to results ob-
tained from PHSD while the symbols represent experimental
data from the ALICE collaboration [16]. The solid red cir-
cles correspond to a centrality of [0, 20]%, the red solid green
squares correspond to a centrality of [20, 40]%, the solid blue
triangles correspond to a centrality of [40, 60]% and the solid
magenta stars correspond to a centrality of [60, 80]%. The
solid dark red line corresponds to PHSD results for a central-
ity of [0, 20]%, the dashed green line corresponds to a central-
ity of [20, 40]%, the short-dotted light blue line corresponds to
a centrality of [40, 60]% and the dashed violet line corresponds
to a centrality of [60, 80]%.
tum distribution is transferred via hadronization to the
mesons (pions, kaons, K∗’s etc.) and finally is reflected
in K∗’s formed in the hadronic phase by K +π annihila-
tion. Thus, an underestimation of the slope of the final
kaons and pions at large pT in the PHSD is showing up
in the underestimation of the K∗’s slope, too. We note
that an extension of the DQPM with respect to energy
dependent interaction cross sections of partons (which is
under development) might improve the agreement with
heavy-ion data at larger pT .
The information on the centrality dependence of the
transverse spectra of (K∗0 + K¯∗0)/2 can be viewed also
in terms of the averaged < pT > at each centrality bins.
Figure 11 shows the average transverse momentum of
the K∗0 and K¯∗0 mesons from the PHSD calculations
for Pb+Pb at midrapidity as a function of the average
number of participants < N]part > in comparison to the
ALICE data [16]. Also the results for p+p collisions is
shown. One can see that the average < pT > grows
from p+p to peripheral and to central collisions and then
saturates. The PHSD results are in a good agreement
with the ALICE measurements.
Figure 12 shows the average transverse momentum <
pT > of the K
∗0 and K¯∗0 from the PHSD calculations
as a function of the center-of-mass energy
√
sNN – from
RHIC to LHC – for p+p and Au+Au/Pb+Pb collisions
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FIG. 11: The average transverse momentum < pT > of
(K∗0+ K¯∗0)/2 as a function of the average number of partic-
ipants < Npart > for p+p and Pb+Pb collisions at
√
sNN =
7 TeV and
√
sNN = 2.76 TeV, respectively. The solid red
line with full stars stands for the PHSD results for Pb+Pb,
the open star shows the PHSD result for p+p collisions. Ex-
perimental data from the ALICE collaboration are shown as
solid black squares for Pb+Pb and open squares for p+p and
taken from Ref. [16].
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FIG. 12: The average transverse momentum < pT > of K
∗0
as a function of the invariant center-of-mass energy
√
sNN
ranging from central Au+Au collisions at RHIC energies up
to central Pb+Pb and p+p collisions at LHC energies. The
PHSD results are shown as stars (open - for p+p, solid for
Au+Au/Pb+Pb), the full dot shows the STAR data, the full
square – ALICE data for Pb+Pb and open square - for p+p.
The experimental data are taken from Ref. [16].
in comparison to the experimental data from STAR and
ALICE. One can see that the experimental data show
that < pT > from central Au+Au/Pb+Pb is larger than
those from p+p for both (RHIC and LHC) energies; on
the other hand the < pT > grows with the energy for
p+p as well as heavy-ion collisions. These tendencies are
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FIG. 13: The particle ratio K∗0/K− versus (dNch/dη)
1/3 for
p+p and Pb+Pb collisions at the LHC energies of
√
sNN =
7 TeV and
√
sNN = 2.76 TeV, respectively. The PHSD results
are shown by the red line with starts for central Pb+Pb and
the open star for p+p collisions. The experimental data from
the ALICE Collaboration are displayed as solid squares for
Pb+Pb and the open dot for p+p as taken from Ref. [16].
reproduced by the PHSD calculations which predict a
monotonic increase of < pT > with energy.
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FIG. 14: The particle ratio K∗−/K− as a function of the in-
variant center-of-mass energy energy
√
sNN ranging from cen-
tral Au+Au collisions at RHIC energies up to central Pb+Pb
collisions at the LHC energy of
√
sNN = 2.76 TeV. The
PHSD results are shown by the stars (open - for p+p, solid
for Au+Au/Pb+Pb, connected by the red line); the full dot
shows the STAR data, the full square corresponds to ALICE
data for Pb+Pb and full triangles for p+p. The experimental
data are taken from Ref. [16].
Now we step to the particle ratios: we show in Fig. 13
the K∗0/K− ratios as a function of (dN(ch)/dη)1/3 for
p+p and Pb+Pb collisions at LHC energies of
√
sNN =
7 TeV and
√
sNN = 2.76 TeV, respectively. The re-
sults from PHSD (using a ’reconstruction’ method for
K∗0 and applying the experimental cuts on the mass of
K∗) are compared to experimental data from the ALICE
collaboration [16]. The experimental as well as theoret-
ical ratios decrease with increasing centrality due to the
stronger final-state interaction effect in central collisions
compared to peripheral reactions. Since the hadron den-
sity is large in the central region at the LHC, the K−’s
as well as the pions and kaons from K∗0 decays rescatter
very often. We note that the meson rescattering and ab-
sorption effects are stronger at LHC than at RHIC which
leads to the decrease of the K∗0/K− ratios at LHC for
central collisions compared to a rather flat ratio at RHIC
(cf. Fig. 15 in [30]).
Furthermore, Fig. 14 shows the PHSD calculations
for the K∗−/K− ratio as a function of the invariant
center-of-mass energy energy
√
sNN ranging from cen-
tral Au+Au collisions at RHIC energies up to central
Pb+Pb collisions at LHC energies in comparison to the
experimental data from STAR (full dot) and ALICE (full
square for Pb+Pb and full triangle for p+p). One can
see that the ratio very smoothly increases with energy
and is larger for p+p than for Pb+Pb at LHC. That is
due to a practically negligible final-state interaction in
p+p compared to Au+Au/Pb+Pb collisions.
VI. PREDICTIONS FOR FAIR/NICA
In the this section we show the results from the PHSD
for strange vector meson production at much lower ener-
gies - from a few AGeV to few tens of AGeV, which will
be achievable by the future FAIR and NICA or the BES
program at RHIC. This energy range is very interesting
since
i) an interplay between the deconfined and chiral tran-
sitions is expected to happen in this energy range. Re-
cently, the consequences of the chiral symmetry restora-
tion (CSR) on observables in HICs has been studied
within the PHSD approach [66, 67]. The CSR has been
incorporated in the PHSD via the Schwinger mechanism
for the quark-antiquark production in the string decay
and related to the dressing of the quark masses in the
medium due to a linear coupling to the quark conden-
sate 〈q¯q〉. It has been shown that the inclusion of CSR
effects provides a microscopic explanation for the ’horn’
structure in the excitation function of the K+/π+ ratio:
the CSR in the hadronic phase produces the steep in-
crease of this particle ratio up to
√
s ∼ 7GeV , while the
drop at higher energies is associated to the appearance of
a deconfined partonic medium. In this section we addi-
tionally investigate the effect of CSR on the production
of the strange vector mesons K∗ and K¯∗.
ii) at FAIR/NICA energies the medium effects - related
to the modification of hadron properties at high baryon
densities - are expected to be more visible than at RHIC
or LHC energies due to the slower fireball expansion and
larger net-baryon densities achieved - cf. Fig. 4. Thus,
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FIG. 15: Transverse mass spectra 1/(2pimT )dN/dmT as a
function of the reduced transverse mass mT −m0 for central
Au+Au collisions at bombarding energy of E = 10.7 AGeV
at midrapidity (|y| < 0.5). The lines show results from PHSD
while the symbols show experimental data from the E866 col-
laboration [38]. The solid blue circles display experimental
data for K+ while the open green squares show the exper-
imental data for pi+ mesons. The corresponding theoretical
results from PHSD including Chiral Symmtery Restoration
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the red dashed line for the pi+. The solid black line shows the
results for the K∗+ with CSR turned on in PHSD while the
short-dotted orange line shows results for the K∗+ without
including CSR.
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FIG. 16: Rapidity spectra dN/dy versus the rapidity y for a
Au+Au collision at bombarding energy of E = 10.7 AGeV.
The lines show results from PHSD while the symbols display
experimental data from the E866 collaboration [38]. The solid
blue circles show data for theK− mesons while the open green
squares show data for pi−. The corresponding theoretical re-
sults from PHSD are the light blue short-dashed line for the
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without CSR.
we investigate here the energy range which would be most
appropriate for a study of the in-medium effects with
K∗, K¯∗ mesons.
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FIG. 17: PHSD predictions for the ’reconstructed’ rapidity
spectra of K∗ = K∗+ + K∗0 (upper panel (a)) and K¯∗ =
K∗− + K¯∗0 (lower panel (b)) for central Au+Au collisions at
bombarding energies of 4.5, 6, 8, 10.7 and 15 A GeV. The
dashed lines show the PHSD results without including the in-
medium effects for K∗ and K¯∗ while the solid lines correspond
to the case with in medium effects.
We start by showing the mT - and rapidity spectra of
K∗0 and K¯∗0 mesons for central Au+Au collisions calcu-
lated with and without CSR effects at a center-of-mass
energy of
√
sNN = 4.765 GeV which is equivalent to the
laboratory energy of E = 10.7 AGeV – cf. Figs. 15 and
16. Here the experimental data (from the E866 Collabo-
ration) are also available for pions and kaons [38].
As seen from Figs. 15 and 16 the PHSD calculations
provide a good description of pion and kaon spectra when
the CSR effect is included; we refer the reader to the de-
tailed study on this issue to Refs. [66, 67]. The inclusion
of the CSR increases the yield of K∗0 and K¯∗0 by about
15-20%. That is mainly due to the increase of the kaon
and antikaon yield when including the CSR.
Now we step to the results with the in-medium mod-
ifications of strange vector mesons. In Fig. 17 we show
the PHSD predictions for the rapidity distributions (’re-
constructed’ y-spectra) and in Figs. 18, 19 – for the
pT -spectra as well as the mass distribution (decayed and
’reconstructed’ spectra) ofK∗ = K∗++K∗0 (upper panel
(a),(c)) and K¯∗ = K∗− + K¯∗0 (lower panel (b),(d)) for
central Au+Au collisions at bombarding energies of 4.5,
6, 8, 10.7 and 15 A GeV. The pT - spectra and mass dis-
tributions are calculated at midrapidity (|y| < 0.5). The
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FIG. 18: PHSD predictions for the decayed (left panel) and ’reconstructed’ (right panel) pT -spectra of K
∗ = K∗++K∗0 (upper
panel (a),(c)) and K¯∗ = K∗−+K¯∗0 (lower panel (b),(d)) for central Au+Au collisions at midrapidity (|y| < 0.5) at bombarding
energies of 4.5, 6, 8, 10.7 and 15 A GeV. The dashed lines show the PHSD results without including the in-medium effects for
K∗ and K¯∗ while the solid lines stand for the case with in medium effects.
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FIG. 19: PHSD predictions for the decayed (left panel) and ’reconstructed’(right panel) mass distribution of K∗ = K∗+ +K∗0
(upper panel (a),(c)) and K¯∗ = K∗− + K¯∗0 (lower panel (b),(d)) for central Au+Au collisions at midrapidity (|y| < 0.5) at
bombarding energies of 4.5, 6, 8, 10.7 and 15 A GeV. The dashed lines show the PHSD results without including the in-medium
effects for K∗ and K¯∗ while the solid lines stand for the case with in medium effects.
15
dashed lines show the PHSD results without including
the in-medium effects for K∗ and K¯∗ while the solid lines
stand for the case with in medium effects. We note that
all calculations are performed with including the CSR
effects.
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FIG. 20: The ratio of ’reconstructed’ to ’decayed’ pT spectra
ofK∗ = K∗++K∗0 (solid lines) and K¯∗ = K∗−+K¯∗0 (dashed
lines) for central Au+Au collisions at bombarding energies of
4.5, 6, 8, 10.7 and 15 A GeV for the case with in-medium
effects.
As seen from Figs. 18, 17, 19, the in-medium effects
on pT - and y-spectra and the mass distribution increases
with decreasing energy. This is due to the longer reaction
time and slower expansion of the fireball at low energies
such that:
i) the strange vector mesons are still produced in a baryon
rich environment (cf. Fig. 4) which leads to a pronounced
modification of their spectral functions (cf. Fig. 1). The
in-medium effects are stronger for the K¯∗ than for the
K∗ for all energies as expected from Fig. 1 which shows
the substantial modification of the K¯∗ spectral function
comparing in-medium and free cases and only modest
modifications of K∗ spectral functions. The pole of the
in-medium K¯∗ spectral function is shifted to the low mass
range due to the attractive interaction of K¯∗ with the
baryonic medium while the pole of the K∗ spectral func-
tion moves slightly to higher masses due to the repulsive
interaction.
ii) the decay of K∗, K¯∗’s occurs in the hadronic medium
such that the final mesons - (anti-)kaons and pions -
rescatter with hadrons or are absorbed which leads to
the distortion of the ’reconstructed’ K∗ spectra due to
the final-state iteration of the decay products - as dis-
cussed in Section V.A - especially at low pT . Again, the
final K−, K¯0 are interacting stronger with baryons than
K+, K¯0. The influence of the final-state hadronic inter-
action on the modification of the spectra is illustrated
in Fig. 20 which shows the ratio of ’reconstructed’ to
’decayed’ pT spectra of K
∗ = K∗+ + K∗0 (solid lines)
and K¯∗ = K∗− + K¯∗0 (dashed lines) for central Au+Au
collisions at bombarding energies of 4.5, 6, 8, 10.7 and 15
A GeV for the case with in-medium effects as presented
in Fig. 18. One can clearly see that rescattering of the
final pions and kaons strongly affects the low pT part of
the K∗, K¯∗ spectra and it is larger for K¯∗.
As follows from Figs. 18 a sizeable in-medium modifi-
cation of the pT - spectra of K¯
∗’s is expected with decreas-
ing bombarding energies: the pT - distribution is shifted
to the low pT region, such that the shift is about 0.1-
0.15 GeV at 4.5 AGeV. Contrary to the K¯∗ mesons, the
pT - spectra of K
∗’s are only slightly shifted to the high
pT - region. Such shifts can be observed experimentally,
e.g. by comparing the K∗ with K¯∗ spectra. Such Fig.
21 shows the ratios of the ’reconstructed’ pT spectra of
K∗ over K¯∗ for central Au+Au collisions at midrapidity
(|y| < 0.5) at bombarding energies of 4.5, 6, 8, 10.7 and
15 A GeV. The dashed lines show the PHSD results with-
out including the in-medium effects for K∗ and K¯∗ while
the solid lines stand for the case with in medium effects.
One can see that there ratioK∗/K¯∗ is approximately flat
over pT for the in-medium cases while it decreases at low
pT strongly, especially at low energy.
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FIG. 21: PHSD predictions for the ratios of the ’recon-
structed’ pT spectra of K¯
∗ over K∗ for central Au+Au colli-
sions at midrapidity (|y| < 0.5) at bombarding energies of 4.5,
6, 8, 10.7 and 15 A GeV. The dashed lines show the PHSD
results without including the in-medium effects for K∗ and
K¯∗ while the solid lines stand for the case with in medium
effects.
In-medium effects are even more pronounced when
looking at the mass distribution in Fig. 19. The shape
of the K¯∗ mass spectra (even integrated over all pT as
shown in Fig. 19) are strongly modified - it is getting
flat at low M with decreasing bombarding energy. This
is mainly due to the in-medium modification of the K¯∗
spectral functions and final-state interaction of the decay
products. Here the modification of the ’reconstructed’
K∗ mass distribution is less visible than for K¯∗’s. The
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FIG. 22: PHSD predictions for the ratios of the ’recon-
structed’ mass distribution of K¯∗ over K∗ for central Au+Au
collisions at midrapidity (|y| < 0.5) at bombarding energies
of 4.5, 6, 8, 10.7 and 15 A GeV. The dashed lines show the
PHSD results without including the in-medium effects for K∗
and K¯∗ while the solid lines stand for the case with in medium
effects.
medium ’distortion’ of the K∗/K¯∗ reconstructed mass
spectra are stronger at low pT , thus, one can study ex-
perimentally the mass distribution of K∗/K¯∗’s at dif-
ferent pT bins. Fig. 22 shows the PHSD predictions
for the ratios of the ’reconstructed’ mass distribution of
K∗ over K¯∗ for central Au+Au collisions at midrapidity
(|y| < 0.5) at bombarding energies of 4.5, 6, 8, 10.7 and
15 A GeV. Here again the dashed lines show the PHSD
results without including the in-medium effects for K∗
and K¯∗ while the solid lines stand for the case with in
medium effects. One can see the strong enhancement of
the ratio for M < 1 GeV/c2 for the in-medium scenarios
while at larger pT the differences are small.
Finally, we conclude that the future facilities – FAIR
in Darmstadt as well as NICA and the fixed target BMN
experiment at the Nuclotron in Dubna as well as the BES
program at RHIC – are well located in energy to study
the in-medium effects related to high baryon density,
in particular the in-medium modification of the K∗/K¯∗
spectral function. We note, however, that it is a rather
challenging experimental task: in spite that the back-
ground is smaller at FAIR/NICA energies than at LHC
or RHIC due to the lower pion and kaon abundances, the
’true’ signal is also smaller, and the final-state interaction
of the decay products is still large. We will discuss in the
next section how to perform the experimental analysis of
the mass spectra in order to obtain the in-medium signal.
VII. EXPERIMENTAL PROCEDURE TO
EXTRACT MASS AND WIDTH OF A
RESONANCE
A. Invariant mass distributions of ’decayed’ and
’reconstructed’ K∗0 and K¯∗0
In this section we present in detail the experimental
method to obtain information about the properties of
resonances in the medium. We recall that experimental
mass and width measurements of the K∗0 + K¯∗0 at LHC
and RHIC energies show a mass shift in the low momen-
tum region for heavy-ion collisions [4, 5, 16]. This re-
sult has been obtained by fitting the measured invariant
mass spectra with a fit function (or ansatz) constructed
by a product of the free spectral function with a con-
stant width and a simplified Boltzmann factor weighted
with some prefactor aiming to account for the phase-
space distribution of initial pions and kaons from which
the K∗’s have been formed. However, one has to point
out that the fitting function used first by the STAR Col-
laboration and later by the ALICE Collaboration has no
further reference for validation. In spite of that we will
use here the same procedure for fitting our theoretical
calculations with respect to invariant mass spectra as in
experiment, i.e. we will use the same ansatz. By that we
show how sensitive the results of the fit (mass and width)
depend on constraints of the fit parameters. This shows
how difficult it is to extract any meaningful masses and
widths from final-state invariant mass spectra which are
affected by additional signal loss due to resonance decay,
final particle re-scattering and regeneration of resonances
at a later stage of the hadronic phase. We show also that
in spite of such modification of the initial information
between the decay point of the resonance and its recon-
struction by the decay products (pions and kaons), the fit
value for the K∗ mass is in agreement with the vacuum
value when using the experimental ansatz for the fit.
We base our study on the PHSD results without and
with an in-medium modification and treat it in the same
way as performed for the real experimental data. Us-
ing the PHSD as a ’theoretical laboratory’ we discuss
also the consequences of applying different experimen-
tal conditions, kinematic selections and statistical errors
from the underlying combinatorial background. We will
present four different fit scenarios and add the experi-
mental procedure to it step by step.
In order to shed light on the physical origin of this
experimental observation, we investigate the mass and
width of the K∗0 and K¯∗0 mass distribution from the
PHSD approach calculated first at the decay point (’de-
cayed’) and apply the reconstruction procedure to the
final-state particles - pions and kaons - (’reconstructed’)
as discussed in the previous sections. In the next step
we account for the statistical error in the experimental
data. Furthermore, we compare the PHSD results with
measure the K∗0 and K¯∗0 from data form the ALICE ex-
periment. We note, that for the PHSD results we use the
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0-5% most central Pb-Pb collisions at
√
sNN = 2.76 TeV.
1. Fitting ansatz for the mass distribution
The mass and width information of the resonances
is experimentally obtained from the measured differen-
tial invariant mass spectra dN/dM . One has to keep in
mind that invariant mass spectra of resonances contain
the information on the spectral function as well as on
the occupation probability. Since both parts of the in-
formation cannot be separated experimentally from the
measured spectra, one has to apply some assumptions.
In the present study we follow the procedure used by
the STAR and ALICE experiments to fit the measured
invariant mass spectra.
The simplest approximation is to assume that the res-
onances are produced in the equilibrated medium with a
spectral function of Breit-Wigner form, i.e. the resonance
mass spectrum is proportional to the Breit-Wigner spec-
tral function A, as defined in section 3, Eq. (4), weighted
by the K∗’s occupation probability at given temperature
T .
Following the experimental procedure used by the AL-
ICE and STAR Collaborations [4, 16], if one wants to
differentiate the information further and account for the
pT dependence, e.g. to consider the mass spectra in some
fixed pT interval (experimental bin), the fit function F is
defined as:
dN
dM
∣∣∣∣
pT
= F (M |C,M∗V ,Γ∗V , pT , T )
= A(M |C,M∗V ,Γ∗V ) · f(M |pT , T ). (9)
The notation F (X |X1, X2, ..., XN ) means that one
fits the X-distribution by varying the parameters
X1, X2, ..., XN .
It should be understood as follows: since the F func-
tion is fitted for each pT bin, one can neglect the pT
dependence inside the bin and consider an ”average” pT
value as a parameter which is varying only for different
bins. Thus, inside each pT bin Eq. (9) represents the so
called mass distribution. The goal of the fit is to identify
the shape of this distribution in terms of chosen/assumed
formula for the occupation probability and spectral func-
tion by varying free parameters charactering the shape
for each pT bin. Later on one can plot these parameters
versus pT to identify the dependences. The goal of this
study as well as the experimental analysis by the ALICE
Collaboration, is to identify the in-medium mass of K∗’s
(which is the M∗V parameter in the fit) at each pT bin.
Let’s now come to the definition of ingredients in Eq.
(9) used for the fit. Function f(M |pT , T ) is the occupa-
tion probability at given temperature T . As mentioned
above, the actual form is adopted in line with the ALICE
and STAR analysis [4, 16]:
f(M |pT , T ) = M√
M2 + p2T
exp
(
−
√
M2 + p2T
T
)
. (10)
The exponential term here accounts for the exponential
phase-space distribution (spectrum) of the resonance and
follows from the Boltzmann distribution when neglecting
the ’thermal’ motion of resonances (see e.g. [76]), i.e. re-
placing p by pT , which should be an acceptable approx-
imation for the mid-rapidity and is commonly used by
experimental collaborations [4, 16]. Since in the thermal
medium the K∗ resonances are produced dominantly via
K + π scattering, an extra factor (first term in Eq. (10))
accounts for the phase-space population of parent pions
and kaons and has been introduced in the experimental
analysis in Refs. [4, 16].
In Eq.(9) the A(M |C,M∗V ,Γ∗V ) is a relativistic mass-
dependent Breit-Wigner function for the strange vector
resonance V = K∗0 or K¯∗0, given by
A(M |C,M∗V ,Γ∗V ) = C
M2Γ∗V
(M2 −M∗2V )2 + (MΓ∗V )2
. (11)
For all fit cases considered below, the overall scale (C)
and the mass peak (M∗V ) are free fit parameters. The
quantity Γ∗V represents the total mass dependent width
of the V - resonance in the medium which relates to the
imaginary part of the self energy in line with Eq.(7).
However, for the experimental fit one adopts an approxi-
mation that the total mass dependent width in the spec-
tral function can be expressed as a sum of the decay and
collisional widths:
Γ∗V (M) = ΓV,dec(M) + Γcoll, (12)
where the mass dependent decay width of a strange vec-
tor resonance V is defined by Eq. (2) by assuming that
the kaon spectral function can be replaced by the δ-
function, i.e. by ignoring the in-medium modification
of the kaon properties. Thus,
ΓV,dec(M) = Γ
0
V
(
MV
M
)2(
q(M)
q(MV )
)3
. (13)
Here, the momentum of the V -resonance with massM is
q(M) =
√
λ(M,MK ,Mπ)/2M . The vacuum width and
mass of the K∗0 and K¯∗0 used for our fit is chosen to be
the same as in the theoretical calculations: Γ0V = 42 MeV
and MV = 892 MeV; MK is the kaon mass (493.7 MeV),
Mπ is the pion mass (139.6 MeV). In Eq. (9) Γcoll stands
for the collisional width which accumulates the effects of
the in-medium modification to the total width and is one
of the fit parameters.
Now how we select the temperature: a temperature
of T = 160 MeV, which is close to the chemical freeze-
out, is used for the resonances at decay point and T =
100 MeV is used to describe the reconstructed resonance
distribution close to the kinetic freeze-out. Before fixing
18
T we perform a fit treating T as a free parameter. The
temperature dependence in the fit is rather small and we
achieve a good χ2 within 20 MeV around the selected
fixed value for T .
For our fits, the width of the Breit-Wigner function is
handled in three different ways:
1) In the first case – the mass dependent width case, the
vacuum decay width depends on mass, the collisional
width Γcoll is the free fit parameter.
2) For the second case the fits are performed assuming
the total width of the Briet-Wigner spectral function
(Γ∗V ) is a free fit parameter.
3) Finally we consider a fixed width case, where the
total width is fixed to the constant value 50 MeV.
2. Definition of four different fit procedures
We define four different fitting procedures to describe
the theoretical spectra which are treated as experimen-
tal data by applying/adding the experimental conditions.
The four fitting options are listed below where the colors
in parentheses indicate the corresponding curves in the
figures.
Fit I.) Mass dependent width (black):
A fit using the relativistic Breit-Wigner spectral function
(11) with mass dependent width defined by Eqs. (12),
(13) with Γcoll as a fit parameter. The Boltzmann factor
(10) with T = 160 MeV (for the fit to decayed spectra)
or T = 100 MeV (for the fit to reconstructed spectra) is
employed using the statistical error strictly based on the
theoretical counts (
√
N for each bin).
Fit II.) Mass dependent width +5% error
(green):
The same as fit I but 5% error bars are added to the
theoretical calculations.
This fit is used to mimic the fitting conditions used for
data obtained at ALICE. For that we need to take into
account the statistical errors present in the experimental
data. Since the resonance mass peak sits on top of a large
combinatorial background, the statistical errors of each
bin in the resonance mass region are roughly the same
(≈ 5% of the peak bin).
Fit III.) Simple width + 5% error (blue):
A fit using the relativistic Breit-Wigner spectral func-
tion where the total width is a free parameter of the fit
(no mass dependence). The Boltzmann factor is defined
with T=160 MeV (’decayed’) or T=100 MeV (’recon-
structed’). Additional 5% error bars are added for the
PHSD calculations. We note that this ”simple width”
case is mostly used in the experimental fitting proce-
dures.
Fit IV.) Fixed vacuum width + 5% error (red):
A fit using the relativistic Breit-Wigner spectral function
where the total width is fixed to the PHSD vacuum width
of Γ0 = 42 MeV/c
2. Also additional error bars of 5%
are added to the theoretical calculations. We note that
the experimental fit with a fixed width set to the vacuum
value is used to search for any deviation from the vacuum
widths. However, the χ2 value of the fit turned out to be
reasonable within the statistical error. For the RHIC and
LHC data the width was fixed to the vacuum width of
50MeV/c2 to constrain the fit. This was done to stabilize
the background (BG) fit to extract the resonance signal
above the BG.
All fits have been performed within the invariant mass
rage of 0.7 GeV/c2 and 1.1 GeV/c2.
B. K∗0 and K¯∗0 mass and width for different fit
options
This PHSD calculations are done without the in-
medium modification from CSR. Figure 23 shows the
invariant mass distributions of the K∗0 in the low mo-
mentum region (pT = 0.4-0.6 GeV/c) at the decay point
(left) and the reconstructed (right). The reconstructed
K∗0 resonances show a broadening of the invariant mass
distribution to lower masses. This will result in a width
broadening of the signal and a possible mass shift as an
effect from the hadronic phase interactions. The same is
visible for the antiparticle K¯∗0 shown in figure 24.
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FIG. 23: Invariant mass distributions of the K∗0 from the
PHSD calculations (with no in-medium modification) in the
low momentum region (pT = 0.4 - 0.6 GeV/c) at the decay
point (left) and for the ’reconstructed’ case (right).
We investigate the initial masses and widths distribu-
tion of the K∗0 (and K¯∗0) due to the hadronic medium.
This will answer the question as to how much of the ini-
tial vacuum spectral function is modified by the hadronic
medium due to the hadronic interactions. In addition we
investigate the effects of the experimental resonance sig-
nal extraction. And the statistical error on the experi-
mental data due to the combinatorial background under-
neath the invariant mass signal is studied.
Figure 25 shows the K∗0 (same for K¯∗0) mass (left)
and width (right) versus transverse momentum at the
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FIG. 24: Invariant mass distributions of the K¯∗0 from the
PHSD calculations (with no in-medium modification) in the
low momentum region (pT = 0.4 - 0.6 GeV/c) at the decay
point (left) and for the ’reconstructed’ case (right).
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FIG. 25: Mass and width for the different fits of the K∗0
(same for K¯∗0) at the decay point. The PHSD vacuum mass
is 0.892 GeV/c2 and vacuum width is 42 GeV/c2.
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FIG. 26: Mass and width for the different fits of the K∗0
(same for K¯∗0) for the reconstructed resonance case. The
PHSD vacuum mass is 0.892 GeV/c2.
decay point without in-medium modification. The PHSD
vacuum values for the mass is 0.892 GeV/c2 and for the
width is 42 GeV/c2. A clear mass shift to higher masses
is visible for the K∗0 and the width it is between ΓK∗0
= 50-60 MeV/c2.
The reconstructed K∗ resonances from the final-state
particles show a shift towards broader widths and smaller
masses as shown in figure 26. The K∗0 (same for K¯∗0)
masses are shifted by 5-10 MeV/c2 to lower masses in
the low momentum region around pT = 1 GeV/c. The
widths are increased in the low momentum regions by
20-40 MeV/c2.
This mass shift and width broadenings are effects from
the hadronic phase interactions which changes the spec-
tral function shape. This is mainly due to the regenera-
tion of the resonance at later times and lower tempera-
tures, which populate preferentially the low mass region.
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FIG. 27: Ratios (left axis) of the reconstructed mass distri-
butions of the K∗0 (blue) and K¯∗0 (pink) resonances to the
mass distribution at the decay point as a function of the in-
variant mass. The corresponding mass distributions are also
presented (right axis) : K∗0 reconstructed - black line, de-
cayed - brown line; K¯∗0 reconstructed - olive line, decayed -
green line. The results correspond to the PHSD calculations
including no in-medium effects for the K∗0 and K¯∗0.
Figure 27 shows the ratios (left axis) of the recon-
structed mass distributions of the K∗0 and K¯∗0 reso-
nances to the mass distribution of the resonances at the
decay point as a function of the invariant mass. The cor-
responding mass distributions are also presented (right
axis) : K∗0 reconstructed - black line, decayed - brown
line; K¯∗0 reconstructed - olive line, decayed - green line.
It is clearly noticeable that the resonance mass distribu-
tions are shifted to lower masses throughout their inter-
actions in the medium. The signal loss for the recon-
structable resonances are mainly cause by further inter-
actions of the decay particles in the hadronic phase.
C. Comparison to experimental data
The comparison of the PHSD results (figure 26 red
line) for the deviation from the vacuum mass of the fit-
ted mass spectrum of reconstructed K∗0 + K¯∗0 mesons
to the ALICE data [16] is shown in Figure 28 as a func-
tion of the pT . The ALICE data correspond to Pb+Pb,
0-20%most-central collisions at
√
sNN = 2.76 TeV, while
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the PHSD data are from 0-5% Pb-Pb collisions. Since the
vacuum mass value for the K∗0 adopted in the PHSD is
892 MeV/c2 and the PDF value is 895.81 MeV/c2, we
present the mass as a deviation from its vacuum value.
The vacuum width for the fixed width (Fit IV) in the fit is
50 MeV/c2 for the ALICE data and 42 MeV/c2 in PHSD.
The theoretical calculations describe the data very well
within the statistical and systematical errors. At RHIC
energies a similar but statistically more significant mass
shift is visible [4, 5]. According to the PHSD calculations
the mass shift is caused by several effects. One is the K∗
which survives that hadronic phase and the second is the
fixed vacuum width fit. Remember the PHSD calcula-
tions here don’t include the in-medium modification of
the K ∗ /K¯∗ properties due to the coupling to baryonic
medium discussed in Section III.
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FIG. 28: Deviations from the vacuum mass for the ALICE
data [16] and PHSD fitted mass spectrum of the reconstructed
K∗0 + K¯∗0 as a function of pT . The PHSD invariant mass
distribution was fitted with Fit IV (explained in the text)
including statistical experimental error.
D. Estimation for mass shift from an in-medium
modification
As follows from Fig. 28 the experimentally measured
mass shift of strange vector mesons is reproduced by the
PHSD and attributed to the interactions in the hadronic
phase as well as to the resonance reconstruction pro-
cedure itself. In order to understand the sensitivity of
our experimental procedure for the investigation of the
medium effects, we perform a ’model study’ where we
adopt an ’extreme’ in-medium scenario for K∗/K¯∗ by
considering the in-medium effects only due to the cou-
pling to the baryonic medium and discarding the coupling
to anti-baryons. As discussed previously such a scenario
can not be realistic at the LHC energies due to the large
anti-baryon production rate at midrapidity which leads
to a very low net-baryon density and small baryon chem-
ical potential. This is contrary to FAIR/NICA energies
where the matter is baryon dominated. However, this
model study will help us get an idea for the sensitivity to
measure the K∗0 in-medium modification at LHC ener-
gies and answer the question if mass-shift signatures from
in-medium effects would survive the interactions in the
hadronic phase. Thus, we consider for our ’model study’
the in-medium modifications of K∗/K¯∗ via coupling to
the baryon density based on our in-medium scenario from
Section III. Similar to low energies this will provide us
a visible modification on the K¯∗0 and very small change
of K∗0 since the baryon density itself is nonzero at the
LHC energies contrary to the net-baryon density. With
this calculation we intent to simulate an upper limit for
the possible in medium signature.
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FIG. 29: Invariant mass distributions of the K¯∗0 from the
PHSD calculations (with in-medium effects) in the low mo-
mentum region (pT = 0.4 - 0.6 GeV/c) at the decay point
(left) and for the ’reconstructed’ case (right).
Figure 29 shows the invariant mass distributions of the
K¯∗0 in the low momentum region (pT = 0.4-0.6 GeV/c)
at the decay point (left) and the reconstructed (right).
The K¯∗0 at decay point already shows a wider distribu-
tion (compare to figure 24) due to the implementation of
the in-medium effects. The reconstructed K¯∗ resonances
(right) from the final-state particles show a shift towards
broader widths and smaller masses. Figure 30 shows the
corresponding K¯∗0 mass shift of 20-30 MeV/c2 to lower
masses (left) and the width is increased to ΓK¯∗0 = 80-100
MeV/c2 in the low momentum region of pT = 0-2 GeV/c.
The final comparisons to the experimental data are
presented in figure 31 which shows the in-medium effects
(open red triangles), which are very close to the calcula-
tion without the in-medium effects (solid red triangles).
This shows that the presented way to ’measure’ the in-
variant mass of the K¯∗0 + K∗0 resonances are not very
sensitive to the in-medium scenarios. Even our ’extreme’
scenario for the in-medium modification shows only a 5
MeV/c2 mass shift in the low momentum region from
pT = 0-1.5 GeV/c. The data are consistent with both
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FIG. 30: Mass and width for the different fits of the K¯∗0 for
the reconstructed resonance case. The PHSD vacuum mass
is 0.892 GeV/c2.
scenarios due to their large error bars.
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FIG. 31: Deviations from the vacuum mass for the ALICE
data [16] and PHSD fitted mass spectrum of the reconstructed
K∗0 + K¯∗0 as a function of pT . The red solid triangles show
the PHSD calculation without the in medium modification
and the red open triangels show the case for the in-medium
modification. The PHSD invariant mass distribution was fit-
ted with Fit IV (explained in the text) including statistical
experimental error.
One of the important lessons from our study is related
to the fact that the extraction of in-medium properties
(masses and widths) of resonances is very sensitive to
the fit procedure and especially to the ansatz for the
mass distribution. Here not only the form of the spec-
tral function and the modelling of the in-medium masses
and widths is important, but also the modelling of the
occupation probability which describes the Boltzmann
shape of the spectra. The fact that a large fraction of
the resonances is produced during the latest (hadronic)
stage of the heavy-ion collisions by annihilation of pions
and kaons - requires to account for their phase-space dis-
tribution, which is beyond the scope of simple thermal
fits and requires a modelling of the time evolution of the
system which is, by the way, realized by default in trans-
port approaches. Thus, the most straightforward way to
extract the information on the in-medium modification
would be a direct comparison of the experimental data
with transport simulations.
VIII. SUMMARY
We have studied the strange vector-meson dynamics
(for K∗ and K¯∗) in p+p and heavy-ion collisions at rela-
tivistic energies based on the in-medium effects and off-
shell propagation from ’G-Matrix’ calculations within the
framework of the PHSD transport approach. We have
used the self-energies obtained in our previous study [30]
and implemented them in the form of mass shifts and
widths into relativistic Breit-Wigner functions. On the
basis of the widths and spectral functions we have imple-
mented the resulting cross-sections into the hadroniza-
tion and Kπ annihilation channels into PHSD for all
isospin channels of the K∗ and K¯∗ mesons [29]. Since
both the QGP and the hadronic phase are fully covered
within the PHSD transport approach we have followed
up the origin of the K∗/K¯∗’s - created during the col-
lision - as well as their properties. We have calculated
differential spectra (as well as particle ratios) and com-
pared the results to experimental data obtained by the
ALICE Collaboration at the LHC. Furthermore, we have
also obtained results on K∗/K¯∗ in-medium effects from
PHSD for lower energies that create systems of higher
net-baryon density and will be studied at the future FAIR
and NICA.
Our findings are:
• At LHC energies - similar to the RHIC energies -
the main production channel of the K∗/K¯∗ mesons
is the resonant annihilation of π + K(K¯) pairs in
the final hadronic phase.
• Only a small fraction of K∗/K¯∗ mesons, which is
created during the hadronization of the QGP, con-
tributes to the final spectra.
• At high energies, e.g. RHIC energies of √sNN =
200 GeV or LHC energies of
√
sNN = 2.76 TeV,
most K∗/K¯∗s are produced at rather low baryon
densities. Consequently, in-medium effects on the
K∗/K¯∗ spectral functions do not play a sensible
role.
• On the other hand, the K∗/K¯∗’s created at lower
bombarding energies can probe net-baryon densi-
ties of up to ρ/ρ0 ≈ 1.5. This is due to the fact
that many K∗/K¯∗’s come from the annihilation of
(anti-)kaons and pions in the hadronic phase. Al-
thoughK∗/K¯∗’s are created at all stages in the col-
lision, a few of them stem from high baryon-density
regions.
• The medium at high energies expands very fast and
only low baryon density regions can be reached be-
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cause the system is dominated by the more abun-
dant mesons rather than baryons. This is the case
for RHIC and even more for LHC energies.
• The PHSD results match the data for strange vec-
tor mesons in p+p collisions at LHC energies very
well.
• The transverse momentum spectra in Pb+Pb col-
lisions at LHC energies are reproduced very well in
the lower transverse momentum region while the
PHSD results show a softer spectrum in the high
pT region. Other observables like particle ratios
and average momenta are in a reasonable agree-
ment with experimental data.
• Nevertheless, it is rather difficult to extract the
K∗/K¯∗ in-medium properties from the present ex-
perimental spectra at the LHC. By comparing the
PHSD results for the ’true’ K∗/K¯∗ spectra (calcu-
lated at the decay point of K∗/K¯∗’s) with the ’re-
constructed’ spectra (obtained by matching the fi-
nal pions and (anti-)kaons coming from the K∗/K¯∗
decay), we have demonstrated how the distortion
of the spectra occurs due to i) the detector accep-
tance, the cuts in the invariant mass spectrum in
the determination of the background spectra and
due to ii) the rescattering and absorption of the
(anti-)kaons and pions in the hadronic medium.
• In spite of the difficulties discussed above we have
presented experimental procedures to obtain the
information on the medium effects by performing
fits of the K∗/K¯∗ ’reconstructed’ mass spectra and
extracting the mass shift and in-medium widths.
We also demonstrated the sensitivity of results to
the actual ansatz used for the fit function. In
order to pin down the robust conclusions on the
in-medium effects from the measured mass distri-
butions, a comparison with dynamical models is
needed to account for the dynamical origin of res-
onance formation during the time evolution of the
expanding systems. This will help to interpret the
experimental measurement on the mass shift.
• We have presented PHSD predictions for strange
vector meson production at lower energies - from
a few AGeV to few tens of AGeV, achievable by
the future FAIR, NICA and the BES program at
RHIC. Here the expected in-medium effects are
large, especially for K¯∗’s, due to the longer reaction
time and higher baryon densities at the production
of K∗/K¯∗. However, similar to the high energy
regime of LHC and RHIC, the ’reconstructed’ spec-
tra are distorted due to the final-state interaction
of kaons and pions.
• We find that the low momentum mass shift of
K∗0+K¯∗0 at LHC and RHIC energies is in agree-
ment with the theoretical calculations based on the
PHSD transport approach. The mass shift is dom-
inated by the later hadronic interactions and the
exact reconstruction method used, such that even
in the extreme model of large coupling to a baryonic
medium the overall mass shift is within experimen-
tal errors.
Thus, our present analysis for the LHC energies to-
gether with our earlier study in Ref. [30] for RHIC ener-
gies and our new predictions for the FAIR/NICA/BES-
RHIC energies show that the K∗/K¯∗ resonances are
much better suited to probe the final hadronic phase
rather than the QGP at freeze-out. Moreover, the distor-
tion of the initial shape of the K∗ spectra at the decay
point compared to the final spectra (reconstructed from
π + K directly) indicate a strong final-state interaction
(rescattering and absorption) during the hadronic stage
of HIC. We note that the influence of hadronic interac-
tions on the final observables has been also discussed in
the recent study in Ref. [68]. Finally, the hadronic phase
plays a dominant role for the K∗/K¯∗ resonance dynam-
ics in the heavy-ion collisions and has to be accounted
for the interpretation of the experimental results.
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